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ABSTRACT
Impeller-stirred mixing is one of the most important processes employed throughout the 
chemical, metallurgical and allied industries. The research reported in this thesis is focused 
on impeller stirred mixing associated with the refining of lead bullion. The aim of this 
process is to sequentially remove contained impurities such as copper, antimony, silver and 
bismuth. This occurs in hemispherical vessels, called kettles, where reagents are initially 
added to the lead bath to form surface dross that contains both the required impurity and a 
large amount of lead oxide. This dross is then continuously mixed back into the bath to 
remove the lead oxide and capture more of the required impurity. A key requirement for 
this process is to obtain and remove dross that contains a high concentration of the 
impurity. Although this process has been in operation for many years, there is very little 
known on how the fluid dynamics associated with the mixing process affects final dross 
content.
The aim of this research is to fully investigate the lead refining process using scientific 
analysis methods that help understand the mixing process and provide design tools which 
can be used to optimise process conditions. The three methods of analysis used are: (1) 
Direct readings from a real kettle, (2) Physical modelling (using water), and finally (3) 
Computational Fluid Dynamics (CFD).
The use of physical modelling, exploiting the techniques of similitude, to predict vortex 
was also validated. An Acoustic Doppler Velocimeter (ADV) probe was used for the 
velocity measurement at various locations inside the water model and this gave valuable 
insight about the flow phenomena occurring inside the refining kettle. A particular 
important finding was that when fluid is stirred above certain rotational speed the vortex 
depth becomes independent of the Reynolds number of the operation.
With regards CFD technology, the Volume of Fluid (VOF) method was used to capture the 
free surface and the Lagrangian Particle Tracking (LPT) and Algebraic Slip Model (ASM) 
to simulate the dross phase. Appropriate methods were also used to represent the moving
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impeller region. Validation of simulation results against experimental data was very 
encouraging. Computed vortex depth showed the similar trend as observed during the 
experiments on the physical model. A design strategy was developed that integrates results 
from both physical and computational modelling to allow optimal process conditions to be 
predicted at the kettle design stage.
The use of this integrated physical and computational modelling methodology successfully 
helped eliminate surface swirl by introducing baffles to the kettle. The design and 
introduction of these flow controllers was also validated to ensure that it optimised the 
dross mixing process and final impurity content in the dross.
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Chapter 1
INTRODUCTION
1.1 Impeller-Stirred Mixing
Impeller-stirred mixing is one of the most widely used operations throughout the process 
industries. It is employed from pilot plant to full-scale production operation in a range of 
chemical and allied industries, namely, chemical, pharmaceutical, food processing, 
biotechnological, paper & pulp, mineral and metal processing industries, to name a few. Its 
crucial importance in the chemical industries can be highlighted by the fact that half of the 
$750 billion per year [1] output of the US chemical process industry involves process 
related to stirred tank reactors. The most common objectives for impeller-stirred mixing 
are:
  Blending a miscible liquid
  Dispersing an immiscible liquid
  Dispersing gas or solid in the liquid
  Mixing reactant for chemical reactions
  Heat transfer promotion.
Figure-1.1 gives a schematic representation of a typical impeller-stirred tank. Impeller 
rotation generates a complex three-dimensional re-circulating, most often turbulent, flow 
field. The rotating impeller interacts with its surroundings and introduces mechanical 
energy into the system. This energy in turn gives rise to the hydrodynamic motion of the 
fluid and hence, accelerates the associated transport processes. Obviously, the geometry of
1
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Figure 1.1: Schematic Diagram of an Impeller Stirred Tank
the impeller blades has a profound impact on the generated flow field (velocity/pressure 
distributions, and turbulent characteristics, etc.). Other design and operational parameters 
such as impeller clearance, proximity of tank walls, presence of baffles, and rotational 
speed of impeller also strongly affect the generated flow field [2].
Depending on the requirements of the process, design and operational variables for the 
impeller-stirred tank vary from one process to another. Desired nature of final products and 
optimisation of the process dictate the choice for these variables. For instance, in impeller- 
stirred chemical reactors, the yield and selectivity of the reaction are mainly determined by 
the flow pattern. Here, the major tasks with respect to optimisation are to avoid zones with 
high residence time and achieve high turbulence for good mixing. At the same time 
operating conditions should also ensure that the energy consumption and hence cost is low.
INTRODUCTION
In most of the situations optimal performance is derived by varying the control parameters 
such as, tank design, impeller geometry, and impeller rotational speed, baffle spacing, etc.
1.2 Lead Refining Process
Lead bullion from a smelter contains many impurity elements such as copper, antimony, 
silver and bismuth, etc. These are refined through a number of batch processes where these 
impurities are removed sequentially. Steps involved in the refining process largely depend 
on the impurity contents and the desired quality of output. A typical refining sequence 
generally involves the following steps: melting/decoppering, desilverising, dezincing, 
initial refining/softening, debismuthising and final refining [3-5].
^ ' ^5?'<- ' . .
*
Figure 1.2: A Typical Lead Refining Ketde
The melting/decoppering is carried out in an open-top hemispherical iron vessel called a 
kettle, see Figure-1.2. The size of each kettle varies, depending on the volume of 
production, and a typical industrial kettle can hold anything between 80 to 250 tons of 
molten lead bullion. First of all, lead bullion is melted at very high temperature (600°C-
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800°C) and then allowed to cool slowly. As their solubility decreases at the lower 
temperature (480°C), the impurities, including considerable portion of copper, rise to the 
bath surface forming a hard crust known as dross. The bath is then stirred using a 
mechanical impeller, which breaks the hard dross layer into smaller lumps and draws it 
back again into the melt and then throws out to the surface periodically, breaking it down 
further. The stirring action, which may last for a number of hours, finally converts the dross 
into fine powder that is then skimmed effusing a mechanical shovel.
The next stage in the lead refining involves desilverising. At this stage, silver is removed 
from lead by adding zinc to the bath. The temperature of the kettle is raised above the 
melting point of zinc (410°C). With impeller added stirring of the bath, the molten zinc 
reacts with the silver and forms a compound that is lighter than the lead. On cooling, this 
compound turns into crust and floats to the bath surface, which is then skimmed off for 
further processing. After removing silver, the access of zinc from the lead is removed using 
a vacuum dezincing process. Under vacuum, the boiling point of zinc decreases below the 
operating temperature, hi this condition, while the bath is stirred, zinc evaporates from the 
bath surface and condenses on the water-cooled kettle lid where it forms a layer of solid 
zinc crystal.
If the bismuth content is high then lead is debismuthised. This operation is very similar to 
the desilverising, except that a combination of calcium and magnesium metals are used as 
the reagents to form high-melting point intermetallic compounds with bismuth, which are 
skimmed off and treated for recovery of bismuth. The final stage of refining involves 
removal of antimony. This is achieved by impeller-stirred mixing of caustic soda into the 
bath. This reagent successfully removes antimony along with any other trace impurities and 
float to the bath surface as dross.
It is clear from the above that the impeller-stirred mixing is central to lead refining process. 
Figure-1.3 gives the schematic representation of the mixing process in the lead refining 
kettle. Generally, a 3-4 blade axial impeller with 45-degree blade angle is used for this 
purpose. A vortex formed during stirring provides a mechanism to break the hard crust of
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Dross Layer
Figure 1.3: A Schematic Representation of Flow Profile in Lead Refining Kettle
dross into powder and/or mix reagent into the bath. At the earlier stage of mixing, the dross 
contains a large quantity of lead along with the required impurities. Continuous stirring of 
the lead bath, which may last for a number of hours, helps remove excess lead from the 
dross and hopefully capture more of the impurities still present in the bath.
Although a good vortex is required for the mixing, increasing the speed of impeller beyond 
a certain limit causes the vortex to break up and give rise to air entrapment within the bulk. 
This in turn leads to lead oxide formation in the dross and that lowers the content of 
required impurity. Furthermore, increasing stirring time can also cause undesired lead oxide 
formation due to prolonged exposure of the bath surface to air. Hence, it is important that 
the mixing is controlled to achieve the optimum bath condition and hence good dross 
grades.
During this refining process increasing the amount of impurities in the dross while keeping 
the lead oxide formation as low as possible and decreasing the mixing time will result in 
greater profits, energy saving and reduced environmental impact.
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1.3 Motivation for this Research
Impeller-stirred mixing of liquid generates a complex flow structure in the mixing tank. 
The quality, quantity and economy of the final products are greatly influenced by this flow 
structure. In principle, a desired performance can be achieved through an appropriate 
selection of impeller-tank geometry and various operating parameters like, rotational speed 
and mixing time. In the real operating environment, the engineer can control a number of 
operating and geometrical parameters. Optimal selection of these is critical for controlling 
the quality and cost of the final product. Most of the time this selection is made based on 
the rules of thumb that generally result from past experiences, which are most often found 
to be a source of undesirable outcome. It is hence, imperative to develop a thorough 
understanding of the flow structure under various operating conditions for any further 
improvement in the existing process.
Because of the central importance of impeller-stirred mixing in the chemical industries a 
great deal of research has already been devoted to develop better understanding. It is still a 
rapidly evolving field of investigation where new tools and methods have constantly been 
employed. In spite of all this progress, the structure of the flow field and its effect of 
process efficiency are not completely understood. The criticality of this problem was 
pointed out [6] that the lack of fundamental understanding of the process associated with 
impeller-stirred tanks leads to losses of the order $ 10 billion per year for these industries.
In the lead refining process also, the impeller-stirred mixing plays a central role. However, 
there are two fundamental differences between the impeller-stirred mixing employed in the 
lead refining process from that of other chemical industries.
  In the majority of chemical industries impeller stirred mixing is employed for the 
off bottom suspension of particulate second phase which is heavier than the first 
phase. Whereas, in the lead refining process impeller stirred mixing is employed 
for the drawdown and dispersion of the lighter second phase (e.g. dross, reagents, 
etc.) that is floating on the bath surface.
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  Unlike other chemical industries, where mixing is generally carried out in 
cylindrical shape vessels, lead refining process is carried out in hemispherical 
vessels.
Along with its own complexity, the problems typically associated with impeller-stirred 
mixing employed in the chemical industries are also faced in the lead refining process.
Although there is a considerable amount of information on the chemistry and the various 
metallurgical practices of lead refining, there is only limited published knowledge of the 
process engineering aspects. This is a little investigated area where design decisions are 
generally based on poorly established criteria resulting from ad-hoc mixing models. 
Geometry and operating conditions of the lead refining kettle form a very complex flow 
profile and without a quantitative knowledge of controlling parameters scale-up is a source 
of uncertainties and risk. It is very difficult to scale-up the dross-layer movement, vortex 
formation and other dynamical processes simultaneously, while maintaining all the flow 
features.
A comprehensive understanding of flow field, vortex formation, power consumption and 
surface movement of dross under various operating conditions is crucial in establishing 
criteria for optimum process control. Worldwide competition, stringent quality requirement 
and mounting environmental pressures have necessitated this research to bring 
improvement in the existing lead refining process in order to make it more efficient and 
cost effective.
1.4 Need for Modelling Technology
The most obvious option for investigating the flow field in the impeller stirred tank is to 
carry out experiments directly on a real lead refining kettle. But in majority of cases, 
limitation of measuring devices, hostile process environment, cost, time and labour 
involved in this exercise make this prohibitively difficult. Another possible option is to 
build a laboratory scale test unit for experimental measurements. However, it is a well
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known fact that hydrodynamic behaviour of flow field changes with geometrical scale [7]. 
Hence, laboratory scale process cannot be treated as the true representation of production 
scale process. It is possible to scale up a small size setup to the production size setup 
through several carefully planned successive stages where each stage becoming larger than 
its successor by extrapolating data from the previous to the next stage. However, this can be 
a rather time consuming and cost intensive exercise. This clearly explains the need for an 
alternative approach of investigation which is speedier, cost effective and reliable.
In the situation like this modelling technology representing the impeller-stirred mixing 
process, based either on mathematical methods or on experimental techniques (physical 
modelling) is highly desirable. It is required that modelling technology provides 
opportunity to carry out detailed analysis, predict flow behaviour under various operating 
conditions, and help rapid prototyping for both existing and new plant processes. Clearly,
Process Controls 
Process Knowledge
_T L
Process Design _+/^ Modelling Technology"\_* Opr-r
Planning and Interpreting Experimental Studu 
the Lab and on the Plant
timised Design
;s in
Figure 1.4: Role of Modelling Technology in Industrial Context
this can be a valuable aid in identifying defects and providing solutions for improvements. 
Figure-1.4 illustrates the expected role of modelling technology in an industrial setting.
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It can be seen from Figure-1.5 that employing this kind of modelling tools at an early stage 
of design provides huge cost savings. It is much cheaper to rectify any defects at this stage 
than later once the plant is built [8].
$1.000,000
The cost o f repai ringmistakesi ncr eases by roughly 
an order of magnitude at each stage
$1,000 $10.000
$100.000
Design Prototype Production Field
Figure 1.5: Cost of Repairing at Various Stages within Process Design [8]
1.5 Modelling Tools Used in this Research
In the present research context, along with direct experiments on the real lead-refining 
kettle, two major modelling techniques have been used as the investigation tools.
1. Computational Fluid Dynamics - This is based on the numerical solution (using 
computer) of the governing equations representing the flow phenomena taking place 
in the system.
2. Physical Modelling - This is mainly based on the experimental investigation of the 
flow phenomena taking place in the system. The experiment is undertaken on a 
physical model representing the real system, where water represents molten lead and 
the theory of similitude is used.
Both of these tools have been explained in further details in the next two sections. This is 
followed by a discussion on the interaction amongst the analysis techniques (experiment on 
the real lead refining kettle, physical modelling and Computational Fluid Dynamics) 
employed in this research.
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1.5.1 Computational Fluid Dynamics (CFD)
The flow phenomena taking place in real life situation can accurately be expressed 
mathematically in the form of partial differential equations. These equations are derived 
from the fundamental laws of physics, namely:
  conservation of mass
  conservation of momentum
  conservation of energy
These represent various physical phenomena and their interactions taking place in the flow 
domain.
Exact solution of these equations can be achieved analytically only for some simple and 
idealized problems. However, most of the problems of practical importance are either 
nonlinear or involve complex geometry, or both, and remain intractable even for the 
sophisticated analytical techniques. Alternatively, numerical methods can be applied to find 
the solution. In this approach the governing equations are transformed into algebraic 
equations, and values of the dependent variables are determined at discrete intervals of 
space and/or time. However, any reasonable sized problem results in so many algebraic 
equations, which require solution by computers. Recent advances in computer technology 
along with the development of sophisticated and robust numerical algorithms have made it 
possible to solve these equations with sufficient accuracy and ease.
The accuracy of the solution improves with increasing the number of discrete points but in 
turn it also increases the cost of computation (in terms of computer memory and 
computation time). CFD is routinely applied to solve a wide range of industrial flow 
problems including impeller-stirred tanks.
A reliable CFD model that can adequately predict the complex hydrodynamics of impeller- 
stirred tank is a valuable tool. The design decision based on this can greatly reduce the cost 
of experiment and eliminates the problems of scale-up [9]. However, development of a
10
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CFD model for stirred tanks involves considerable effort and expertise because of the 
complex interaction between flow and the moving impeller-tank geometry.
1.5.2 Physical Modelling
Physical model is a system constructed to give adequately close representation of the real 
world process. Most of the time it involves change in the scale of operation or/and change 
in the working materials. The theory of similitude (based on geometrical, kinematic and
Buoyant Force
/i
Liquid Surface
Vortex
Lift Force
Drag Force 8
Impeller
Figure 1.6: Drawdown of Floating Particles in the Impeller-Stirred Tank
dynamic similarities) [10] is used in its development. Ease of experimentation, flexibility in 
operation, and low set-up costs are the main motivating factors. Often it is not possible to 
reproduce all the phenomena of the real world process in the physical model. In that case 
we seek to reproduce the key phenomena (phenomena under investigation) as closely as 
possible.
11
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A physical model can also be used to carry out experimental measurement (e.g. velocities 
at various locations, etc) for the validation of computational model. It can also provide 
valuable qualitative understanding (visualisation) of the phenomena that cannot easily be 
observed on production plant or cannot easily be simulated using computational model. For 
example, the drawdown and dispersion of floating dross greatly depends on the shape of 
the central vortex generated by the impeller-stirred mixing (Figure-1.6). It is impossible to 
observe/quantify the vortex shape and particle drawdown and dispersion within the real 
lead refining kettle. At the same time modelling of the multiphase process using CFD is a 
daunting task and requires huge computer resources. In this case, a physical model 
constructed by maintaining the geometrical similarity with a refining kettle and using water 
as working fluid in place of molten lead can provide visualisation/quantification of vortex 
shape and particle drawdown/dispersion under various operating conditions.
(a) Unbaffled Kettle (b) Baffled Kettle
Vortex
^ » _ ^^
Participate Second Phase
Figure 1.7: Vortex Shape and Distribution of Dispersed Particles in (a) Unbaffled
and (b) Baffled Kettles Respectively
Figure-1.7 illustrates the vortex shape and particle distribution under two operating 
conditions namely unbaffled kettle and baffled kettles.
12
INTRODUCTION
1.5.3 Interaction amongst the Modelling Tools
The present work is a part of a research effort aimed at developing and validating a 
predictive Computational Fluid Dynamics (CFD) based model that can simulate the 
complex hydrodynamics of the impeller-stirred lead refining kettle. The model will have 
capability of predicting vortex formation and drawdown and dispersion of the particulate 
second phase (in this case it is floating dross). To achieve this objective, three major 
techniques of investigations:
  Experiment on real lead refining kettle
  Physical modelling (using water as working fluid)
  CFD modelling
will be used as an integrated tool. As Figure-1.8 shows, information drawn from this will 
be used to optimise and scale-up the existing refining process.
Plant DataWater Modelling 
(Visual +Measurement)
Process Understanding
+ 
Model Validation
Computational Fluid Dynamics 
(Detailed flow data)
Optimal Process Conditions
Figure 1.8: Interaction among Modelling, Lab Experiments and Plant Trials
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1.6 Research Methodology
Application of CFD modelling into the lead refining process is a challenging task. Flow 
field in the refining kettle forms a highly interactive and complex pattern where the 
influence of many factors is not known before hand. Considering the very high density of 
molten lead with dross layer movement and rotating components; simultaneous 
implementation of three-dimensionality, unsteadiness, multiphase coupling, turbulence and 
vortex formation is a formidable task.
Despite all of the progress in computer technology and in numerical techniques, CFD 
technology cannot be used to model all these completely without making some simplifying 
assumptions. With these simplifications and limitations of numerical schemes, 
computational method can only approximate the real physical phenomena. It is hence, 
essential to validate the computed results against experimental data.
The operational condition of lead refining process is such that experimental measurement 
of flow variables is extremely difficult to make. Consequently, it is required that CFD 
model development is validated by the experimental data from the corresponding physical 
model (water model). The overall CFD model development is planned in a series of 
successive steps where every following step includes more complexity into the model. In 
addition, at every stage of its development, the model is validated against experimental data 
(taken from corresponding water model) to ensure reliability.
1.7 Aims and Objectives of this Research
The overall objective of this research project is to develop a novel predictive model to 
simulate the flow field generated by the impeller-stirred mixing in the lead refining kettle. 
Within the scope of this research, ideas and techniques from diverse areas have been 
brought together to lay a firm foundation for present and any future research. This involves 
a number of steps and that can be summed up as follows:
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1. Carry out a literature survey to identify the state-of-the-art CFD modelling techniques 
for impeller-stirred mixing.
2. Bring together the fundamentals of physical modelling (the theory of similitude) that 
forms the basis for experiments on water model.
3. Where possible, carry out experiments to quantify the velocity of lead surface on a 
production scale lead refining kettle.
4. Carry out experiments of water model to quantify the vortex formation under various 
operating conditions. Also, monitor readings for power consumption under different 
operating conditions.
5. Use Acoustic Doppler Velocimeter (ADV) to measure velocities at various locations in 
the water model.
6. Investigate the capability of CFD modelling techniques to simulate the behaviour of 
molten lead in the refining kettle. Compare the simulation results with experimental 
data.
7. Develop a CFD modelling technique that can simulate the vortex formation in the 
refining kettle. Validate the simulation results with experimental data.
8. Extend the CFD modelling techniques by including the calculated vortex shape into the 
three-dimensional grid for kettle geometry. Further validate the simulation results with 
experimental data.
9. Extend the CFD model further to include the particulate second phase to model 
drawdown and dispersion of floating particles (i.e. dross).
1.8 Major Contributions
The accomplishments of this work are highlighted below in terms of the modelling 
techniques and its major findings.
1. In the open literature, this is perhaps the first systematic attempt to apply integrated 
physical models (water model) and CFD for predicting the flow pattern occurring 
inside the lead refining kettle.
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2. Majority of published work on the modelling impeller-stirred vessels is mainly 
concerned with simple cylindrical shaped vessels. However, this work investigated the 
flow field in hemispherical shaped vessels (lead refining kettle) for various geometric 
(unbaffled, baffled, off-centred shaft, etc.) and operating (impeller rotational speed, 
impeller shaft depth, etc.) conditions.
3. A range of experiments on water model was carried out for various operating 
conditions. The data for power consumption (Section-4.4.1) and vortex depth (in terms 
of vortex factor) was presented (Section-4.5).
4. Based on the vortex depth data, it was assumed that vortex factor becomes independent 
of Reynolds number when impeller rotates above a limit (Section-4.5). This assumption 
enables us to use water model to approximately reproduce vortex phenomena taking 
place in the real lead refining kettle.
5. It is reported in the literature that drawdown and dispersion of the floating particulate 
second phase depends on the Froude number and the density ratio (the ratio of the 
density difference of fluid and particle to the density of fluid). Hence, by appropriate 
selection of particulate second phase the water model can be used to study the 
movement of dross particles of the lead refining kettle (Section-4.5.1).
6. For the velocity measurements at the various locations in the water model Acoustic 
Dopple Velocimeter (ADV) was used. This is the first time when ADV probe is used in 
the field of impeller-stirred mixing vessel.
7. Two sets of ADV measured velocity data from two-baffled water model for two 
different baffles positions are compared. It was found that fluid velocity field in the 
bulk region is largely axisymmetric. This fact can be used to simplify a time consuming 
three-dimensional CFD model to the two-dimensional axisymmetric CFD model 
(Section-4.7.1 & Section-6.4.1).
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8. In order to develop understanding of the lead refining process some direct experiments 
were also carried out. A range of power consumption readings was taken. A novel 
technique was devised to measure the surface velocity in the lead refining kettle. The 
floating of a steel ball was monitored through a reference hole. The movement of the 
steel ball was video recorded and timed, which was then used to calculate the surface 
velocity (Section-4.8).
9. Feasibility of CFD modelling for the lead refining was established by comparing the 
results from simplified CFD models with that of experimental data and these found to 
be encouraging (Section-6.3.1).
10. Rest of the CFD model development was carried out in successive stages of increasing 
complexity where model development was mainly guided and validated by water 
model. These steps can be given as follow:
  First set of CFD simulation used flat surface approximation for the top free surface 
at air water interface. The three geometrical configurations (unbaffled, baffled and 
off-centred shaft) were used and validated against corresponding experimental data. 
It was realised that flat surface approximation affects the accuracy of the simulation 
results (Section-6.3.2).
  At next stage, a novel two-dimensional axisymmetric CFD model was developed 
that could calculate the vortex shape. The calculated vortex depth also exhibited 
the similar trend as that found in experiment (Section-6.4.1.1).
  The calculated vortex shape was then used to develop a full three-dimensional CFD 
model. The simulation results from this model showed very good agreement with 
the experimental data (Section-6.4.2).
11. The above model was further extended to simulate the mixing behaviour, movement of 
particulate second phase and drawdown and dispersion of floating particles. The 
underlying techniques are given below:
  Simulation for the blending of neutral tracer was used to visualise the mixing 
pattern and efficiency (Section-6.5).
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  The particle tracking was used to identify the relative residence time distribution of 
particles under various operating conditions (Section-6.6.1).
  To simulate the drawdown and dispersion of particulate second phase a novel 
strategy developed. This used the three-dimensional geometry with vortex shape 
where the top layer was considered to be a mixture of particles and water. The 
simulation was carried out using multiphase CFD solver (Section-6.6.2). 
Among all the above simulations, CFD modelling of the drawdown and dispersion of 
floating particulate is the most important because there is no published work available.
1.9 Outline of Thesis
The organisation of contents for this thesis is summarised as follow:
Chapter-2 presents the literature review on the computational modelling techniques for the 
impeller-stirred tank. The classification of the literature is largely based on the type of 
impeller modelling technique used.
Chapter-3 brings together the fundamentals of physical modelling that form the basis of 
experiments on water model. This also includes a review of previous physical modelling 
work done for the lead refining kettle. A detail of present water modelling setup and device 
used to measure the velocities at various locations in the water model is also covered.
Chapter-4 presents the experimental techniques used for measuring the various quantities 
on lead refining kettle and also for corresponding water model. The results are presented 
and analysed to identify the most significant factors that influence the flow field in the lead 
refining kettle.
Chapter-5 introduces the fundamentals of mathematical techniques used to develop the 
Computational Fluid Dynamics (CFD) algorithm. Here focus is on the finite-volume 
method, which is the main technique employed by most commercial CFD software.
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Chapter-6 discusses the strategy and implementation of computational modelling. The 
simulation results obtained under various operating conditions are further analysed and 
discussed.
Chapter-7 finally summarises the main points and findings from the research. Also, this 
chapter presents the methodology for kettle design and gives recommendations for the 
future research.
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Chapter 2
LITERATURE REVIEW - CFD MODELLING 
OF IMPELLER STIRRED VESSELS
2.1 Introduction
Impeller-stirred mixing is one of the most widely used processes throughout the chemical 
and allied industries. Its fundamental importance has led to a great deal of interest in 
exploiting the power of Computational Fluid Dynamics (CFD) to simulate the associated 
flow phenomena. As it can be seen from the available literature, for example [11-14], that 
over the past two decades a wide range of CFD modelling techniques have been developed 
to predict the associated flow profile in stirred tanks.
This chapter presents a detailed literature review on the CFD techniques that have been 
used for the prediction of impeller-stirred mixing. From the review of literature, it is clear 
that representation of a rotating impeller in the CFD modelling is the main challenge and for 
that, a number of techniques have been devised. The various modelling techniques, as given 
below, for impeller rotation have been used as the basis of presentation here.
  Experimental Boundary Conditions Based Model
  Blade-Element Theory Based Model
  Rotational Reference Frame Method
  Snapshot Method
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2.1.1 Experimental Boundary Conditions Based Model
f mmmm^^^mmmm t
Figure 2.1: Experiment Based Impeller Model
k-
22
k-s 
k-s 

2.1.2 Blade-Element Theory Based Model
Lift & Drag forces Calculated
Using Principle of Aerodynamics (Blade Element Theory) 
And Added as Momentum Source
Figure Blade-Element theory Based Impeller Modelling
25

2.1,3 Rotating Reference Frame
Rotational Frame of Reference
Figure Unbaffled Tank Where Rotating Reference Frame is used
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Real Situation Equation Solved
Rotating Impeller 
Static Surrounding
Static Impeller 
Rotating Surrounding
Figure 2.4: Representation of Impeller in Rotating Frame of Reference
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2.1.4 Snapshot Method
Sink of Mass
Source of Mass
Figure 2.5: Impeller Modelling Using Snapshot Method
2.1.5 Inner-Outer Method
Zonal Boundary
Figure 2.6: Impeller Modelling by Inner- Outer Approach
2.1.6 Multiple Reference Frame Method
Zonal Interface
Rotational Frame of Reference
J Stationaiy Frame of Reference
Figure Impeller Modelling by Multiple Reference Frame Method
Real Situation Equation Solved
Rotating Impeller 
Static Surrounding
Static Impeller 
Rotating Surrounding
2.1.7 Moving-Deforming Mesh Method
Shearing Zonal Interface Cells
Rotating Zone L
Stationary Zone
Figure 2.9: Moving Deforming Mesh Technique
\AAA7\AAA
Figure 2.10: Shearing Cells at the Interface between Moving and Static Part
2.1.8 Sliding-Mesh Method
Sliding Interface
J Rotating Zone IL
Stationary Zone
Figure 2.11: Modelling Technique Applied in Sliding Mesh Method
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Figure 2.13: Various Impeller Modelling Strategies
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Chapter 3
PHYSICAL MODELLING
3.1 Introduction
3.2 Complexity of Problem
__ __
3.4 Physical Modelling
"The 
main objective of modelling is to achieve a realistic representation of a system using 
materials and equipment with which measurements may be made conveniently and in a 
cost-effective manner". realistic representation, 
convenient measurement cost-effective, 
1. Study of the existing process: 
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2. Identify process need: 
3. Identify key process parameters: 
4. Isolate key phenomena: 
5. Make assumptions: 
6. Choose model design: 
7. Choose model materials: 
8. Test model: 
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3.4.1 Dimensional Analysis
3.4.2 Buckingham's n Theorem
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3.4.3 Concept of Similarity
3.4.3.1 Geometrical Similarity
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3.4.3.2 Kinematic Similarity
3.4.3.3 Dynamic Similarity
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3.4.4 Dimensionless Fluid Flow Equations
Dt* =
Analysis: 
3.4.5 Prediction of Vortex Depth
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Large Vessel Small Vessel
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Analysis: 
_
3.4.6 Power Consumption
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3.4.7 Power Curves
Figure 3.2: Power Curve for Baffled Vessel
Figure 3.3: Power Curve for Unbaffled Vessel
3.4.7.1 Baffled System
3.4.7.2 Unbaffled System
(3 -65)
3.4.8 Scale-up
3.4.9 Previous Work
3.4.10 Present Physical Model Setup
Figure 3.4: Water Model -Side View

3.5 Conclusions
Chapter 4
EXPERIMENTAL RESULTS
4.1 Introduction
4.2 Contributions from this Research
4.3 Flow Visualisation
Vortex Break-up
Figure 4.1: Vortex Formation and Breakup
Trailing Voi
Trailing Vortex Air Entrapment
Figure 4.2: Trailing Vortex and Air Entrapment
4.4 Power Consumption
4.4.1 Results for Water Model
Figure 4.3: Power Consumption at the Point of Vortex Impingement
OL
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50
Figure 4.4: RPM Required at the Point of Vortex Impingement
Figure 4.5: Power Consumption Required for Vortex Impingement in 
Centred and Off-centred Shaft Arrangement
3000 n 
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|- ^  2000
| I 1500 
o >o ^  1000
§ 500 -\ 
0
100 150 
RPM
Figure 4.6: Power Consumption for Two-Baffled Kettle
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4.5 Vortex Depth
Vortex Factor = Vortex Depth /(Impeller Diameter x Froude Number) 
Li- 
ft) 
Figure 4.7: Vortex Factor against Reynolds Number
Figure 4.8: Vortex Factor against Reynolds Number Bigger Than 
Table 4.1: Percentage Difference in Individual Vortex Factors from Their mean
4.5.1 Observation
4.6 Acoustic Doppler Velocimeter (ADV)

Computer
Probe Coordinate System
Probe
Figure 4.10: Schematic Diagram for ADV Set-up
(A) First Baffle Arrangement
Second Baffle Arrangement
Figure 4.11: Velocity Sampling Points for Two Baffled Arrangements
Figure 4.12: Velocity Components - Measured Using ADV Probe

4.7 Results from ADV Measurement
1 min Reading
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0.3685122
0.3655315
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10 min Reading
0.4099273
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0.3746861
0.3988791
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3.003566745 ,
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